ABSTRACT
INTRODUCTION
In 1995 the Full Operational Capability (FOC) of GPS and GLONASS was announced and it started the beginning of a new era in navigation. In spite of GLONASS lost his FOC after a few years, the field of satellite navigation applications continued to grow. In 2011 GLONASS regained its FOC and now together with GPS they are foundation of GNSS (Global Navigation Satellite System). The simplicity of obtaining position coordinates and integration with other devices and navigation systems has caused that nowadays GNSS is the main way of determining the location of objects in the various applications [1] [2] . However, GNSS positioning in not free from the constrains. The two main ones are: limiting the number of observed satellites caused by terrain obstacles both natural and those which are result of human activities (e.g. buildings) and integrity, understood as the ability of the system to alert the users in a given amount of time that the fix errors exceeded the permissible limit. GNSS receivers have become the main source of information about the location of autonomous unmanned vehicles and in such applications high level of integrity is as much important as fixes accuracy [3] .
Integrity was one of the main problem considered in phase of work on the system GPS, which has resulted in many research papers, but the main area of concern was air navigation and the focus was on the development of methods to assess the correctness of GPS fixes during the flight [4] . Two main solutions have been proposed and applied in practice: external methods (integrity monitoring by the use of external infrastructures) and internal (integrity monitoring directly by the receiver). The second ones are called RAIM (Receiver Autonomous Integrity Monitoring). Among them, a separate group are those that assess the correctness of the coordinates on the basis of a single measurement of pseudoranges for at least 5 satellites -they are called "snapshot" RAIM [5] . Both external and internal methods solve the problem of integrity in the open air in a satisfactory way. However, if the outlier in pseudorange measurement is not caused by improper functioning of the satellite but by obstacles which reflect satellite signals these methods cannot be used. External methods are not able to detect such errors because of fault detection process is carried out by the monitoring station and do not take into account the local conditions at the place where the user is (see Fig. 1 ). On the other hand, internal methods were designed for the air navigation and they are based on two main assumptions. The first one is that only one outlier can appear in pseudorange measurements. It was adopted on the basis of high reliability of the satellites, which causes that faulty work of two satellites at the same time is unlikely. The second one is related to the method used to integrity monitoring. It is that the exclusion of any satellite from the positioning solution don't cause significant deterioration of Dilution of Precision (DOP) coefficients. As far as we talk about navigation in the open air there are no problems associated with these assumptions. But in case of SUAV (Small Unmanned Autonomous Vessel) operating in the harbour such approach cannot be accepted. Because of their small dimensions, GNSS antenna is only a few decimetres above sea level and regular ships, buildings and harbour facilities block and reflect satellite signals. On the one hand it causes poor space segment geometry (it means that exclusion of one satellite from the positioning solution causes significant deterioration of DOP) and on the other one more than one outlier can appear in pseudorange measurements (see Fig. 1 ). In this paper proposal of different approach is described. 
THE IDEA OF THE PROPOSED RAIM METHOD
The idea of the proposed RAIM method has been already described in [6] . It is deep modification of Maximum Solutions Separation (MSS) method proposed by R.G. Brown and McBurney in 1987 and described in [7] . The idea of the MSS method is based on the study of the maximum separation between positioning sub-solutions. The number of sub-solutions is equal the number of observed satellites, and they are formed by successive exclusion of one satellite from the positioning solution. If maximum separation of sub-solutions is greater than the acceptable one it means that there is outlier in pseudorange measurements. Described idea is shown in Fig. 2 and Fig. 3 .
In Fig. 3 the idea of fault identification is also illustrated. Because of after exclusion of SV 1 from positioning solution, sub-solution (SVs: 2,3,4,5) was within acceptable limits it means that in measurement to SV 1 outlier appeared. The MSS RAIM method has not found practical application due to the inability to precisely determine maximum acceptable separation of sub-solutions. In particular it was impossible in case of poor space segment geometry, because observed separation of sub-solutions could be the result of both: outlier in pseudorange measurements or significant deterioration of DOP as a result of the elimination one of the satellites from the positioning solution. This problem is described, inter alia, in [7, 8] . The method proposed by author is an attempt to eliminate the above disadvantage. The research conduce on influence of pseudorange measurement errors and space segment geometry on GPS fixes distribution described, inter alia, in [9,10,11,12,14,.15,16] have shown that the extended analysis of the spatial distribution of the positioning sub-solutions can significantly improve the protection level of the existing RAIM "snapshot" methods.
The study shows that, despite the fact that at the poor space segment geometry separation of sub-solutions is similar in both cases: the outliers appeared in pseudorange measurements or they didn't appear, their spatial distribution is different. Thus, if we have the pattern of spatial distribution of sub-solutions it could be possible to determine whether there are outliers in pseudorange measurements or not, by comparing the actual distribution to the pattern. Similarity will mean that pseudorange measurements contain only random errors. The pattern of spatial distribution of sub-solutions in case of outlies absence will be constructed in real time, on the basis of the corrections transmitted from the Satellite Based Augmentation System (SBAS) -in Europe from EGNOS.
The simplified algorithm of proposed fault detection method is as follows:
• estimating current random errors of pseudorange measurements on the basis of data received from the geostationary satellites of SBAS system, • building the pattern of spatial distribution of sub-solutions,
• calculating of real spatial distribution of sub-solutions,
• comparing the pattern to real distribution. If both are similar it means that there are no outliers in pseudorange measurements. If not -outliers appeared.
THE SPATIAL DISTRIBUTION OF SUB-SOLUTIONS IN MSS METHOD
In practical applications we are interested in the spatial distribution of sub-solutions in relation to position calculated by the receiver, instead of to the true coordinates, because we do not know them. It is additional complication which caused that the MSS method has not been applied in practice. The research on spatial distribution of sub-solutions that were done using the software for simulating GNSS measurements, allowed to examine the issue more precisely. The results of numerical experiments were described between others in [9] . The conclusions of the study can be summarized as follows:
• if there are no outliers in pseudorange measurements, the distribution of sub-solutions in relation to positioning solution (coordinates computed on the base of observations done to all visible satellites) is a set of line segments intersecting in the middle of its length (number of line segments is equal to the number of visible satellites) -see Fig. 4 .,
• if there are outliers in pseudorange measurements, the distribution of sub-solutions in relation to positioning solution is a set of line segments, which lengths are the same as in the absence of outliers but they do not intersect -see Fig. 5 and 6 .
To illustrate the above, an example of the numerical simulation results is described below.
AN EXAMPLE OF THE NUMERICAL SIMULATION RESULTS
Using software simulator of GNSS measurements (described in [15] ) geometrical layout of 5 GPS satellites was drawn. Azimuths and elevations of the satellites are presented in Table I . Then simulation of 86400 fixes was done, wherein it was assumed that errors of pseudorange measurements were modelled as independent random variables with N[0,1] distribution and standard deviation equal 6 m. In the first step of the simulation there were no outliers in measurements and in the second one the outlier equal 200 m and then 100 m appeared in pseudorange measurement to SV1. Obtained sub-solutions distribution related to the position computed on the base of all 5 observed satellites are presented in Fig.  4, 5 The Fig. 4 , 5 and 6 show, that determination of maximum acceptable separation of sub-solutions as a circle (or as a sphere in 3D) on the basis of an assumption concerning standard deviation of measurement random errors (σ p ) is not very efficient. It can be noticed in Fig. 4 that maximum acceptable separation resulting from the deployment of satellites and σ p is equal 50 m. If outlier appears in pseudorange measurement to SV1 its value must be at least 180 m to get a 100% probability of detection. Otherwise the calculated separation of sub-solutions may be in the range of maximum acceptable separation (compare Fig. 5 and 6 ) which will result in outliers misdetection. On the other hand, if the value of maximum acceptable separation will be reduced, false alarms will appear, due to possibility of exceeding separation limit although there are no outliers in pseudorange measurements. It is typical situation in case of poor space segment geometry, described, inter alia, in [9, 10, 11, 12] and main cause of very low protection level when number of visible satellites is lower than 7.
Thus, it seems to be clear that more sophisticated analyse is necessary. The presented proposal to modification of MSS method is based on estimation of current random errors of measurements on the basis of data received from the geostationary satellites of SBAS system. They allow to compute corrections to pseudorange measurements and in proposed RAIM method it is assumed that they are equal current random errors with the opposite sign. Of course it is not quite true, because of SBAS corrections don't eliminate the entire size of the random errors but it is expected that such approximation allows to improve the level of outliers detection. Of course as a source of information about current random errors of measurements DGPS system could be also used but DGPS receivers are bigger, heavier and more expensive than EGNOS ones (additional MSK module is necessary) so their application in SUAVs is not so convenient.
THE SPATIAL DISTRIBUTION OF SUB-SOLUTIONS IN MODIFIED MSS METHOD
Below an example of simulation results is described. Simulation concerned the same deployment of the satellites as described in previous section. This time drawn values of pseudorange measurements random errors were as follow: SV1: -3,2 m, SV2: 7,9 m, SV3: -5,4 m, SV4: -2,6 m, SV5: 6,1 m. Drawn values of measurements errors have given distribution of sub-solutions as shown in Fig. 7 Distribution of sub-solutions computed on the base of simulated information from SBAS message is presented in Fig. 8 . Fig. from 9 to 13 shows distributions in case of outliers presence. It can be easily noticed, that if outlier appeared in measurements to SVs: 2, 3, 4, 5 classic MSS method is able to detect it, because separations of sub-solutions were bigger than maximum acceptable separation computed on the base of assumed standard deviation of random errors and layout of the satellites (in presented example 50 m). But in case of outlier in measurement to SV1, separation of sub-solutions is almost half less than acceptable one (is 27 m). It can be also observe if we compare Fig. 7 and 9 . In such situation classic MSS method misses outlier. But if we compare spatial distribution of sub-solutions, they differ depending on outlier appeared or not (see Fig. 7, 8 and 9 ). Thus it seems, that extended analyse of distribution of sub-solutions can improve protection level of proposed RAIM method in comparison with the classic MSS one.
